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ProtochlorophyllideIn the present work, a comparative study of protochlorophyllide- and protochlorophyll-lipid interaction was
performed on liposomes prepared from phospholipids and galactolipids, which had a pigment content vary-
ing from 0.1 to 4 mol%. The incorporation of pigment molecules into the lipid bilayer and pigment–pigment
interactions were investigated. Protochlorophyllide entered the lipid bilayer spontaneously and showed ﬂuo-
rescence spectra characteristic of its monomers. Similar spectra were observed for protochlorophyll where its
concentration was low. However, the ﬂuorescence maxima of protochlorophyll monomers were blue-shifted
compared to those of protochlorophyllide by about 5 nm. Protochlorophyll at high concentrations formed
transient aggregates that showed an additional ﬂuorescence band with a maximum at around 685 nm, espe-
cially in liposomes prepared from phospholipids. For both compounds, the Stern–Volmer constant for KI
quenching was much lower in liposomes than in solution, which conﬁrmed the incorporation of these com-
pounds into the lipid bilayer. Two populations of protochlorophyll that differed in their accessibility to
quenching by KI were determined, and the proportions between them for different lipids are discussed.
Protochlorophyllide showed such heterogeneity only in DPPC membranes. Quenching with 5- and 16-SASL
revealed a localization of the porphyrin ring of both Pchl and Pchlide in the polar headgroup area of the
lipid bilayer. The side chain of protochlorophyll forced these molecules to localize deeper in the bilayer in
the case of DPPC in gel phase.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Protochlorophyllide (Pchlide) and protochlorophyll (Pchl) are natu-
rally occurring porphyrins in plants. Pchl is more hydrophobic than
Pchlide because of a long chain of phytol or its precursors attached to
the tetrapyrrole ring (Fig. 1).
The physiological role of Pchlide as an intermediate in chlorophyll
biosynthesis has been known for a long time and intensively investigat-
ed (for a review see [1–4]). In angiosperms, the reduction of Pchlide to
chlorophyllide is catalysed by a photoenzyme, protochlorophyllide ox-
idoreductase (LPOR, EC.1.3.1.33). The dynamics of deexcitation of the
S1 state of the Pchlide molecule is important for catalysis (reviewed
by [5–7]). Pchlide phototransformation is inhibited in angiosperms in
darkness, which has a great impact on plant development (for a review
see [8–10]). Dark-grown angiosperm seedlings follow the developmen-
tal program known as scotomorphogenesis, which involves differences
in morphology, plastid structure as well as physiology than thosedipalmitoylphosphatidylcholine;
; EYL, egg yolk lecithin; MGDG,
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rights reserved.observed during photomorphogenesis [11]. The most important fea-
ture of dark-grown seedlings is a lack of photosynthetic structures,
which are essential for plant autotrophy, accumulation of Pchlide
and lack of chlorophyll, as well as the development of characteristic
inner plastid membranes: prolamellar bodies (PLB) and prothylakoids
(PT) (reviewed by [12,13]). Under light conditions, Pchlide is continu-
ously synthesized and upon binding to LPOR, immediately reduced to
chlorophyllide. Since excited tetrapyrroles are highly toxic, chlorophyll
synthesis is strictly regulated by plants at the level of Pchlide synthesis
and photoreduction, among others [1,2,9].
Much less is known about the role of Pchl, which seems to be a side
product of chlorophyll biosynthesis. LPOR has been found not to accept
Pchl as a substrate (for a review see [8,10]). Pchl has been found in
large amounts in the inner seed coat of members of the Cucurbitaceae
family, namely Cucurbita pepo [14,15], Luffa cylindrica [16] and
Cyclanthera explodens [17,18], but its physiological role is as yet
unknown.
Both Pchlide and Pchl have been found in the inner membranes of
etioplasts. Pchl has been detected in PT [19], whereas Pchlide has
been found in PT as well as in PLB [20], where it is bound to LPOR,
and forms ternary Pchlide:LPOR:NADPH complexes. These complexes
are organised in aggregates of different sizes, which is the reason for
the observed multiple spectral forms of Pchlide in vivo (reviewed by
[9,21]). The role of Pchlide aggregation in vivo and the organization
Fig.1. Chemical structure of protochlorophyll (Pchl) and protochlorophyllide (Pchlide).
R1 is CH-CH2 or CH2―CH3 in the case of divinyl- and monovinyl-pigment, respectively.
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sion [4]. In chloroplasts, Pchlide has been found in outer envelope
membranes [22].
Lipids inside etio- or chloroplasts are a natural environment for
Pchlide:LPOR:NADPH complexes, as well as for unbound Pchlide and
Pchl. Enzymes catalyzing synthesis of Pchlide and Pchl were found to
be associatedwithmembranes [see 1,2 for a review].Model lipid systems
should be helpful in an understanding of the molecular mechanisms of
pigment–lipid interaction, as well as in elucidating the role of lipids in
the formation of pigment aggregates in vivo. The present study
was aimed at a comparative investigation of Pchl and Pchlide in li-
posomes to reveal the effect of the hydrophobic side chain of Pchl
molecules on pigment incorporation and its interaction with the
lipid bilayer. The liposomes were prepared from galactolipids, i.e.
lipids that build PLBs and PTs in vivo. Alternatively, liposomes pre-
pared from phospholipids were also used. The localization of Pchl
and Pchlide within the lipid bilayer was studied taking advantage
of ﬂuorescence quenching experiments using various ﬂuorescence
quenchers.2. Materials and methods
2.1. Pigment isolation
Pchlide, i.e. monovinylprotochlorophyllide, was extracted from
6 day-old dark-grown wheat (Triticum aestivum) leaves treated with
δ-amino levulinic acid, and puriﬁed using HPLC according to the
method described by Kruk and Mysliwa-Kurdziel [23]. Pchl was iso-
lated from inner seed coats of pumpkin (Cucurbita pepo) and puriﬁed
as described in [24,25]. Freshly prepared stock solutions of Pchlide in
methanol and of Pchl in acetone were used.2.2. Solvents and lipids
All the organic solvents used for liposome preparationwere of spec-
troscopic grade. Solvents for Pchl and Pchlide puriﬁcation were of ana-
lytical or HPLC grade. Lipids were purchased from Sigma Aldrich and
Lipid Products (South Nutﬁeld, Redhill, Surrey, U.K.). SASLs were pur-
chased from Sigma Aldrich.
2.3. Liposome preparation
Small unilamellar liposomes (SUV) were prepared using the
injection method according to the protocol given by [26].
Liposomes were made from EYL (egg yolk lecithin), DPPC
(dipalmitoylphosphatidylcholine), DGDG and DGDG:MGDG mixtures
(85:15 and70:30) (DGDGandMGDGstand for digalactosyldiacylglycerol
andmonogalactosyldiacylglycerol, respectively). A proper aliquot of Pchl
in acetone (or Pchlide inmethanol)was added to lipids in chloroformand
evaporated together, then the liposomes were prepared. This protocol
was used routinely, and all the results shown in this paper are based on
this method. The relative content of Pchl or Pchlide in liposomes varied
between 0.1 to 4 mol%. Lipid concentration during liposome preparation
was 0.5 mM. Liposomes were used for experiments just after the prepa-
ration. Then they were incubated at room temperature with stirring for
4–24 hours and re-examinedagain. Preparation of liposomeswas repeat-
ed at least 5 times for a single pigment:lipid ratio, and for each type of
lipid.
It should be mentioned here that we also tested other methods for
pigment addition to liposomes. First, a thin ﬁlm of Pchl (or Pchlide)
was prepared in a conical glass tube. Liposomes prepared by injection
methods were added to the tube and vortexed until the ﬁlm was
dissolved. A rather poor solubility of the Pchl ﬁlm in liposomes was
observed, especially for a high amount of Pchl, and this was the rea-
son for unsatisfactory reproducibility of the results. Next, an aliquot
of pigment in ethanolic solution was injected into the liposomes and
gently mixed. Then samples were incubated at room temperature for
2 hours. This protocol did not provide reproducible results for samples
containing Pchl either.
2.4. Fluorescence measurements
Fluorescence emission spectra were measured using a Perkin-Elmer
spectroﬂuorometer (LS50B, UK). The spectra were recorded in the
range of 595 to 750 nm. Sampleswere excited at 440 nmusing 5-nmex-
citation and emission slits. The data collection frequency was 0.5 nm.
The spectra were corrected for the baseline and wavelength-dependent
sensitivity of the photomultiplier. The ﬂuorescence maxima observed
for independent repetition of liposome preparations agreed within 0.5–
1 nm between corresponding samples. Fluorescence lifetime measure-
ments were performed using a multifrequency cross-correlation phase
and modulation K2 ﬂuorometer, for excitation at 440 nm. The instru-
ment setting and the analysis of phase and modulation data were as al-
ready described [25]. Immediately before ﬂuorescence measurements,
samples were diluted with a buffer or alternatively, ﬂuorescence mea-
surements were performed in small cuvettes, having an optical path of
0.5 cm. This was done to assure the optical density of samples of around
0.1 at 440 nm. Any time dependent changes of the spectra caused by di-
lutionwere not observed under experimental conditions. All the spectro-
scopic measurements and sample incubations were performed at room
temperature (22±2 °C).
2.5. Fluorescence quenching
Fluorescence quenching was performed with I- (KI) and 5- and
16-doxyl stearic acids (SASL). 5-SASL and 16-SASL, with free radical frag-
ment (nitroxyl group) attached to C-5 or C-16 carbon of stearic acid, can
quench ﬂuorescence at different depths within the lipid bilayer. The ﬁrst
Fig. 2. Fluorescence emission spectra Pchl and Pchlide in EYL liposomes at different rel-
ative pigment contents, as indicated in the ﬁgure. The spectra were normalized to the
short-wavelength emission band. Excitation: 440 nm.
Table 1
Fluorescence maximum and ﬂuorescence lifetime of Pchlide and Pchl in liposomes pre-
pared from different lipids. Pigment content in liposomes was 0.1 mol%.
Lipids Fluorescence
maximum [nm]
Fluorescence lifetime
[ns]
Pchlide Pchl Pchlide Pchl
EYL 640 635 4.4±0.1 5.0±0.1
DPPC 639 636 4.7±0.1 5.5±0.1
DGDG 640 636 4.3±0.1 4.9±0.1
DGDG:MGDG (85:15) 641 637 4.3±0.2 4.8±0.1
DGDG:MGDG (70:30) 641 636 4.1±0.2 4.5±0.1
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the same in themembrane interior. KIwas used as a hydrophilic quench-
er. The aqueous stock solution of KI (4 M) contained 0.1 mM sodium
thiosulﬁte to prevent I3- formation. SASLs were added from an ethanolic
stock solution (1 M) and the ﬁnal ethanol concentration in the liposomal
samples never exceeded 1% (v/v). The presence of these quenchers did
not change the absorption spectra of the ﬂuorophores investigated.
Small-volume aliquots of stock solution of quenchers were succes-
sively added to the samples. After a single addition the sample was
gently stirred and incubated in the dark for 10 min. This was sufﬁ-
cient time to have a constant ﬂuorescence signal (not shown). Then
the ﬂuorescence spectrum was measured for excitation at 440 nm.
Fluorescence intensity at the maximum was read and corrected for
dilution. Fluorescence lifetime measurements were performed in par-
allel experiments. As a control, quenching experiments on pigment in
ethanolic solution were performed.
Fluorescence data were analysed according to the Stern–Volmer
equation (Eq. (1)) for collisional quenching of ﬂuorescence, that is
mainly governed by diffusion processes. [27].
F0=F ¼ τ0=τ ¼ 1þ KSV Q½  ¼ 1þ kqτ0 ð1Þ
where F0 and F are the ﬂuorescence intensities in the absence, and pres-
ence of the quencher Q, respectively, Ksv — the Stern–Volmer constant
[M−1], kq — the bimolecular quenching constant [M−1 s−1], τ and τ0 —
the ﬂuorescence lifetime of the ﬂuorophore in the absence and presence
of the quencher.
In the case of experiments with iodide in liposomes, some plots de-
viated downward from linearity. In this case, we analyzed the data with
a modiﬁed Stern–Volmer or Lehrer equation (Eq. (2)).
F0= F0−Fð Þ ¼ 1=α þ 1=αKSV Q½  ð2Þ
This model assumes that only a fraction of the ﬂuorophore (α;
0bαb1) is quenched in the presence of quenchers, while the rest re-
mains inaccessible, provided that no static quenching is present [27].
3. Results
Representative ﬂuorescence spectra measured for Pchl in EYL lipo-
somes at different relative pigment content are shown in Fig 2A. For the
lowest investigated Pchl:lipid ratio, 1:1000, i.e. 0.1 mol% Pchl in lipo-
somes, there was a maximum at 635 nm (Table 1) and a side-band at
692 nm. The shape of the spectrum was similar to spectra observed for
Pchl in organic solvents [25]. If the Pchl:EYL relative ratio increased, the
ﬂuorescence maximum was red-shifted to 641 nm in the case of
4 mol% of Pchl, and an additional ﬂuorescence band appeared at
685 nm. The relative intensity of this band was higher the higher
the pigment content in liposomes. The error of relative intensity of
this additional band calculated for independent liposome prepara-
tions was 15%. Incubation of the Pchl-EYL liposomes without any di-
lution at room temperature resulted in a decrease in ﬂuorescence
intensity at 685 nm, until ﬁnally the long-wavelength band was al-
most indistinguishable from the vibrational sideband. This process
was dependent on Pchl concentration, and was completed within
12–24 hours after liposome preparation. In contrast, one band in
the ﬂuorescence spectra was observed for Pchlide for the whole
Pchlide:lipid ratio and there was only a tiny increase in the relative
intensity in the wavelength region of the vibrational band (Fig. 2B).
The ﬂuorescence maximum was found at 640 nm for 0.1 mol% Pchlide
in liposomes. There was only a 2-nm shift when the Pchlide:EYL ratio
was raised to 4 mol%. The spectra did not change during incubation.
For all the pigment:EYL ratios, the ﬂuorescence maximum of Pchlide
was found at longer wavelengths than observed for the same relative
content of Pchl.The ﬂuorescence decay of Pchlide in EYL liposomes was
monoexponential irrespective of the Pchlide:lipid ratio (Fig. 3). The life-
time value decreased from 4.5 to 3.1 ns with increasing pigment con-
tent. Pchl ﬂuorescence decay was monoexponential for a low Pchl
content, whereas a two-exponential model proved to be adequate for
high Pchl content in EYL liposomes. The value of the long component
decreased with increasing pigment content, although, at each point it
was longer than the corresponding Pchlide lifetime. The second compo-
nent had a value shorter than 1 ns. The fractional intensity of this short
component increased with increasing pigment:lipid ratio, which some-
how reﬂected the increase of the amplitude of the ﬂuorescence band,
with a maximum at 685 nm.
Similar observations were made for Pchl and Pchlide in DPPC lipo-
somes (data not shown). A ﬂuorescence band with a maximum at
685 nm was observed only in the case of Pchl. The relative intensity of
this band also increased for increasing Pchl:lipid ratio, and it stayed a
bit higher than for corresponding Pchl-EYL liposomes. In addition, the
Fig. 3. Fluorescence lifetimes of Pchl and Pchlide in EYL liposomes. In the case of two
ﬂuorescence lifetime components were found for Pchl, the respective fractional inten-
sities are given in brackets.
Fig. 4. Fluorescence emission spectra of Pchlide and Pchl in DGDG liposomes, for pig-
ment content of 0.1 mol% (A) and 4 mol% (B). Excitation: 440 nm.
Fig. 5. Fluorescence lifetimes of Pchl and Pchlide in liposomes prepared from DGDG
and DGDG:MGDG (70:30) mixture.
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ponent of Pchl were longer (of about 0.5–0.7 ns) compared to the re-
spective pigment–EYL samples.
In the case of liposomes prepared from DGDG, both Pchl and Pchlide
easily entered the bilayer, although, the amplitude of the vibrational
band increased at a high pigment:lipid ratio (Fig. 4). A band at 685 nm,
such as those observed for DPPC and EYL (Fig. 2) was not apparent in
galactolipid liposomes. The ﬂuorescence maximum for Pchl was found
at 636 nm for 0.1 mol% of pigment (Table 1) which shifted to 640 nm
for 4 mol%. The corresponding ﬂuorescence maxima for Pchlide were
found at 640 and 643 nm, respectively. For both Pchl and Pchlide only
1–2 nm differences were found for different relative proportions of
DGDG:MGDG, but no clear tendency was observed (Table 1). A sin-
gle ﬂuorescence lifetime component which decreased with the rela-
tive pigment contents was found for both Pchl and Pchlide in this
system (Fig. 5). The decrease of the lifetime value was the largest for
Pchl in DGDG liposomes, where Pchl showed a shorter lifetime than
Pchlide for a high pigment content. In the case of liposomes prepared
from a DGDG:MGDG mixture, Pchl had a longer ﬂuorescence lifetime
than Pchlide.
Samples containing 0.1 mol% of pigment in liposomes were used in
ﬂuorescence quenching experiments to avoid any ground state hetero-
geneity of ﬂuorophores due to possible pigment aggregation. For this
Pchl (and Pchlide) concentration, a single ﬂuorescence emission band
andmonoexponential ﬂuorescence decaywere observed in all the lipo-
somes in the absence of the quencher. The respective ﬂuorescencemax-
ima and ﬂuorescence lifetimes are shown in Table 1. A representative
set of ﬂuorescence emission spectra measured for Pchlide and Pchl in
EYL liposomes upon quenching with iodide are shown in Fig. 6A,
B. Similar data were collected for DPPC and DGDG liposomes, as
well as liposomes prepared from a DGDG:MGDG mixtures (not shown).
Examples of corresponding Stern–Volmer plots of F0/F= f([Q]) and
τ0/τ= f([Q]) are shown in Fig. 6 C, D, respectively. A linear dependence
of Stern–Volmer plots was observed for Pchlide in EYL liposomes
(Fig. 6C and D), as well as in liposomes prepared from galactolipids
(not shown). Respective quenching constants calculated according to
Eq. (1) are shown in Table 2. Both Ksv and kq were similar when calcu-
lated from ﬂuorescence intensity and ﬂuorescence lifetimes, which in-
dicates a collisional quenching mechanism. However, Ksv and kq were
lower than those calculated for pigments in ethanol (Table 2). Results
for ethanol showed that the alcohol chain of the Pchl molecule did not
disturb the collisional quenching efﬁciency of KI.
In the case of quenching with KI of Pchlide in DPPC liposomes, as
well as of Pchl in all the investigated liposomes, a downward deviationof the Stern–Volmer plot from linearity was observed (Fig. 6C). Taking
into account that iodide acts mainly in the aqueous phase, while Pchl
and Pchlide enter the lipids bilayer, a model assuming accessibility to
the quencher by only a part of ﬂuorophore molecules, described with
Eq. (2), seems adequate. Indeed, a good ﬁt of the experimental data
was obtained when using Eq. (2) for analysis (Fig. 6C insert, to give an
example). The proportion of ﬂuorophores accessible to KI quenching,
denoted α, changed between 0.67 observed for Pchl in EYL liposomes
Fig. 6. Fluorescence spectra of Pchlide (A) and Pchl (B) quenched with different concentrations of KI in EYL liposomes. The Stern–Volmer plots for the averaged dependences of F0/F
(C) and τ0/τ (D). (C) insert—examples of the modiﬁed Stern–Volmer lines, according to Eq. (2).
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somes, this value was higher than for Pchl-DPPC. With the same model
applied to Pchlide in EYL liposomes, α was close to 1, but Ksv and kq
values were higher than those calculated using classical Stern–Volmer
analysis (Eq. (1); see Tables 2 and 3 for a comparison). However, regard-
less of the model of analysis applied, signiﬁcantly lower quenching con-
stants for pigments in liposomes compared to a liposome-free solution
were obtained.
Fluorescence lifetime analysis of the data for Pchl quenched with KI
revealed a non-exponential character and gave more than one ﬂuores-
cence lifetime. However, due to relatively high errors in determining
the lifetime, only steady state-ﬂuorescence is shown and discussed here.
In the case of SASLs used as a ﬂuorescence quencher, the data
were analysed with Eq. (1), because Stern–Volmer plots were al-
ways linear, as shown in Fig 7A, to give an example. The respective
quenching constants calculated for all the liposomes are presentedTable 2
Quenching constants calculated for Pchlide in liposomes as well as for Pchl and Pchlide in e
intensity or ﬂuorescence lifetime results according to Eq. (1).
Lipids/solvent Fluorescence intensity
Pigment Ksv [M−1]
EYL Pchlide 0.82±0.18
DGDG – 0.91±0.12
DGDG:MGDG (70:30) – 1.05±0.15
ethanol Pchlide 4.53±0.25
Pchl 4.0±0.25in Fig. 7B. The quenching constants found for SASLs in liposomes
were much higher than in ethanol, where the Ksv of 40–80 M−1
were observed, whether if 5- or 16-SASL was used and whether if
used to quench either Pchl or Pchlide. This difference indicates efﬁcient
quenching in lipid bilayers. SASLs showedmore efﬁcient quenching than
iodide (much higher Stern–Volmer constants), probably because their
apparent concentration in themembranewas higher than that estimated
based on the sample volume. Assuming a volume of a single DPPCmole-
cule as equal to 1.2×10−27 m3 [28], the estimated SASLs concentration
in liposomes is about 2700 times higher than that calculated using the
whole sample volume.
In general, the Ksv calculated for 5-SASL was higher than that for
16-SASL for both pigments (Fig. 7B). One exception was Pchl-DPPC lipo-
someswhere the values obtained for 5-SASL and 16-SASLwere compara-
ble. For 5-SASL, the quenching constants of Pchlide were similar in all the
liposomes, and theywerehigher than those of Pchl. A reverse relationshipthanol in case of quenching with iodide. The analysis was performed for ﬂuorescence
Fluorescence lifetime
kq=K/τ0 [M−1 s−1] Ksv [M−1] kq=K/τ0 [M−1 s−1]
(1.9±0.5)×108 0.64±0.16 (1.5±0.4)×108
(2.1±0.3)×108 0.87±0.12 (2.0±0.3)×108
(2.4±0.5)×108 0.90±0.20 (2.1±0.5)×108
(1.10±0.07)×109 – –
(1.00±0.07)×109 – –
Table 3
Quenching constants calculated for Pchl and Pchlide in liposomes in the case of
quenching with iodide. The analysis was performed according to Eq. (2). α-fraction
of quenchable ﬂuorophores calculated from the linear ﬁtting of the (F0/(F0−F))=
f([KI]) (Eq. (2)).
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stants were higher for Pchl than the respective values for Pchlide. For
16-SASL, the highest quenching effects were observed for DPPC lipo-
somes, both for Pchlide and Pchl.Fig. 7. The Stern–Volmer plot for ﬂuorescence quenching of Pchl and Pchlide in EYL li-
posomes with SASLs (A), and Ksv for all investigated liposomes (B).
Lipids/solvent Pigment Ksv [M−1] kq=K/τ0 [M−1 s−1] α
DPPC Pchlide 2.14±0.64 (4.6±1.4)×108 0.62±0.13
EYL Pchlide 1.87±0.41 (4.3±1.0)×108 0.91±0.12
EYL Pchl 1.82±0.56 (3.6±1.2)×108 0.67±0.11
DGDG Pchl 1.90±0.40 (3.9±1.1)×108 0.55±0.12
DGDG:MGDG (70:30) Pchl 1.95±0.66 (4.1±1.2)×108 0.64±0.12
DPPC Pchl 3.24±0.87 (5.9±1.8)×108 0.44±0.114. Discussion
In thepresentwork, ﬂuorescenceproperties of Pchl and Pchlidewere
investigated in phospholipids and galactolipid liposomes, focusing on
differences caused by the presence or absence of the esterifying alcohol.
Fluorescence maxima of Pchl and Pchlide in liposomes (Table 1) were
red-shifted as compared to the respective average values found for
these pigments in organic solvents [25,29–31], although they were sim-
ilar to themaxima observed in pyridine, aswell as in protic solvents, like
alcohols. The red-shifted maxima resulted in a relatively high Stokes
shift found for Pchl and Pchlide in methanol or pyridine [25,31], and re-
vealed a speciﬁc solvent-solute interactions [27], namely via hydrogen
or coordinating bonds. Such interactions between electronically excited
Pchlide (and Pchl) and solventmolecules induce solvent relaxation [27],
and led to a lowering of the S1 state energy of the solutes. The strength-
ening of the intermolecular coordination and hydrogen bonds between
electronically excited Pchlide and methanol molecules has been shown
by Zhao and Han [32]. Moreover, different dynamics of the S1 state of
Pchlide was shown in protic solvents compared to aprotic [33–35]. In
the case of galactolipid liposomes, speciﬁc Pchlide (or Pchl)–lipid inter-
actions are possible because galactose moieties of DGDG and MGDG
molecules can provide a local microenvironment similar to protic sol-
vents. Some speciﬁc interactions may also take place in the case of zwit-
terionic phospholipids (EYL, DPPC).
The ﬂuorescence maximum of Pchlide was found at longer wave-
lengths and its ﬂuorescence lifetime was shorter compared to Pchl in
all the liposomes (Table 1). The same relation was observed in organ-
ic solvents [25,31]. This indicates that the decrease of the S1 state en-
ergy due to a solvent relaxation is less pronounced in the case of a
porphyrin esteriﬁed with a long hydrophobic side chain. The reduc-
tion of Pchlide to chlorophyllide, resulting in the change of geometry
of coupled double bonds in the porphyrine ring reduces the effect of
hydrophobic side chain on the ﬂuorescence properties. Only a slight
inﬂuence of the phytol moiety on chlorophyll and bacteriochlorophyll
excited state was observed [36,37].
Fluorescence quenching experiments conﬁrmed the incorpora-
tion of Pchl and Pchlide into lipid bilayers, because the ﬂuorescence
was efﬁciently quenched by membranous quenchers (SASLs), whereas
the accessibility of both pigments to the iodide quencher was limited
(Tables 2 and 3). Residence of the porphyrin ring within lipid bilayers
lowers the probability of collisional quenching by a water soluble
quencher. The much higher quenching constants of Pchl and Pchlide
ﬂuorescence by 5-SASL than by 16-SASL (Fig. 7B) observed for EYL,
DGDG and DGDG:MGDG liposomes, conﬁrms that the porphyrin ring
of these pigments is localized close to the water headgroup area of the
lipid bilayer.
Pchl molecules seem to be located more deeply within the lipid bi-
layer than Pchlide molecules. Pchl was less efﬁciently quenched than
Pchlide by iodide and 5-SASL, but it was more strongly quenched by
16-SASL (Fig 7B). The hydrophobic side-chain seems to pull the por-
phyrin of the Pchl molecule deeply into the membrane interior due
to hydrophobic interactions between phytol and acyl lipid chains,
and some molecules of this ﬂuorophore are not quenched by KI, as
shown in Table 3. The ﬂuorescence quenching study of protoporphy-
rin IX in phospholipid (i.e. DMPC) liposomes with iodide also showed
the existence of two populations of molecules of which only one was
quenched [38], although the Ksv values were at least two times higher
than those found here for Pchlide and Pchl. Protoporphyrin IX is a bio-
synthetic precursor of Pchlide, which is water soluble, so it might re-
main attached to liposomes at the water–lipid interface.However, the localization of Pchlidemolecules close to the headgroup
area of the lipid bilayer does not exclude the possibility of some
quenching with 16-SASL, at least not because of its wobbling mo-
tions and gauche-trans isomerisation in membranes [39]. The results
obtained for Pchl-DPPC liposomes, however, pointed more to a
deeper pigment burying into the bilayer, as manifested by the high
quenching constant of both spin probes, and agrees with the low acces-
sibility of Pchl for quenching with iodide in DPPC liposomes (Table 3).
DPPC membranes are rigid below the main transition and wobbling
motions are less probable. In fact, an increase in themeasurement tem-
perature to above 42 °C gave similar results to those observed in EYL
(not shown).
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other lipids are also an important observation. Quenching constants
were similar in the case of Pchlide in EYL and galactolipids quenched
with iodide (Table 2) and much higher than those observed for DPPC.
The level of Pchl molecules accessible to the iodide quencher was ca
60 % in case of EYL and galactolipids, and was deﬁnitely lower for
DPPC (Table 3). Galactolipids and EYL are in a liquid crystal state atmea-
surement temperature, whereas DPPC with a main transition at 42 °C
[40] was in a crystalline state at measurement temperature. These
data indicate the effect of gel/liquid crystalline lipid phases on pigment
incorporation.
Spontaneous incorporation of Pchlide into the lipid bilayer in the
investigated concentration range was observed in all type of lipo-
somes (Figs. 2 and 4), and the samples were stable in time. Similar
observations were made for Pchl in galactolipid liposomes (Fig. 4).
Galactolipids are dominating lipids, both in PT and PLB fractions of
etioplasts [41], as well as in thylakoid of chloroplast [42], thus Pchl
and Pchlide molecule can be easily incorporated into the inner mem-
branes of etioplasts in vivo. Galactose residues of galactolipids provide
a polar and protic microenvironment, where Pchl and Pchlide mole-
cules are easily solvated. Localization of the porphyrin macrocycle
close to the lipid headgroup area of liposomes, would facilitate the
binding of Pchlide to LPOR, which is a membrane-attached protein
[43–45]. In some experiments, the necessity of a lipid environment
for LPOR catalytic activity has been demonstrated [46]. On the other
hand, the present results clearly show that the presence of lipids
lowered the tendency of Pchlide pigments to form aggregates. Accu-
mulation of high amount of monomeric Pchlide in lipids facilitates
phototoxic effects and these were really observed in the case of plants
accumulating short-wavelength Pchlide (i.e. Pchlide not bound to
LPOR) ([47], reviewed e.g. in ref. [9]).
In the case of Pchl in liposomes prepared from phospholipids, both
EYL and DPPC, the formation of Pchl aggregates was transiently ob-
served as a long wavelength ﬂuorescence band. Long-wavelength
ﬂuorescence was also observed in the case of chlorophyll in EYL ves-
icles [48], which supports the idea that the process might result from
the presence of a hydrophobic side-chain moiety. Based on the results
shown here, one cannot exclude the possibility that these aggregates
are localized inside the lipid bilayer, in the way that the porphyrin
ring of Pchl molecule stays in the region of the lipid headgroup area,
and that a hydrophobic side chain (phytol or geranylgeraniol) is bur-
ied in the lipid acyl chains. Pchl molecules can also form reversed mi-
celles within the bilayer. If so, the breaking of the Pchl aggregates,
observed as the disappearance of the emission band at 685 nm, was
facilitated by diffusion of lipids. Pchl aggregateswith similarﬂuorescence
properties have already been found in Triton X-100micelles [49] and the
aggregates became stable until dilution of the sample either with mi-
celles or with a buffer [24]. In liposomes, however, dilution did not inﬂu-
ence the emission spectra. Even if the same ﬂuorescence maximumwas
found for Pchl aggregates in liposomes (Fig. 2) and Triton X-100
micelles, the ﬂuorescence decay was characterized by different
lifetimes. In liposomes, two ﬂuorescence lifetime components were
found (Fig. 3), whereas three components were found in micelles [24].
This indicates that Pchl-lipid interaction inﬂuence Pchl ﬂuorescence
decay parameters. Besides micelles, Pchl aggregation has also been ob-
served in solid ﬁlms [50,51], although Pchlide also made aggregates in
this system [52].
The presented results provide new information about Pchlide–
and Pchl–lipid interaction. In contrast to etioplast inner membranes,
where a heterogeneity of Pchl and Pchlide spectral forms has been
observed both for steady-state [53,54] and time-resolved ﬂuores-
cence [55,56], liposomes are a simple model of the lipid-matrix in
which Pchlide and Pchl properties may be well controlled. Fluores-
cence quenching experiments gave information about the localiza-
tion of the pigments in the membranes, which is useful for further
simulations of molecular Pchl (and Pchlide)–membrane interactions.Fluorescence quenching in isolated etioplast membranes would be dif-
ﬁcult to perform due to the high efﬁciency of Pchlide photoreduction
upon illumination, which results in spectral changes being observed
during a single measurement. What is more, the spectral heterogeneity
of pigments in vivo would increase the complexity of any ﬂuorescence
quenching model, making it more difﬁcult to interpret.
For a general understanding of porphyrin biochemistry, the presented
results provide information about the inﬂuence of a spacious hydropho-
bic substituent on polar porphyrin–lipids interaction. The presence of a
long alcohol side-chain is common to most chlorophylls but its function
has not been fully elucidated. The present observations are also impor-
tant for the synthesis ofmodiﬁed porphyrinswhich have spacious hydro-
phobic substituents, for bioenergetics and for medical application.Acknowledgments
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